Abstract. Modified gravity theories with a screening mechanism have acquired much interest recently in the quest for a viable alternative to General Relativity on cosmological scales, given their intrinsic property of being able to pass Solar System scale tests and, at the same time, to possibly drive universe acceleration on much larger scales. Here, we explore the possibility that the same screening mechanism, or its breaking at a certain astrophysical scale, might be responsible of those gravitational effects which, in the context of general relativity, are generally attributed to Dark Matter. We consider a recently proposed extension of covariant Galileon models in the so-called "beyond Horndeski" scenario, where a breaking of the Vainshtein mechanism is possible and, thus, some peculiar observational signatures should be detectable and make it distinguishable from general relativity. We apply this model to a sample of clusters of galaxies observed under the CLASH survey, using both new data from gravitational lensing events and archival data from X-ray intra-cluster hot gas observations. In particular, we use the latter to model the gas density, and then use it as the only ingredient in the matter clusters' budget to calculate the expected lensing convergence map. Results show that, in the context of this extended Galileon, the assumption of having only gas and no Dark Matter at all in the clusters is able to match observations. We also obtain narrow and very interesting bounds on the parameters which characterize this model. In particular, we find that, at least for one of them, the general relativity limit is excluded at 2σ confidence level, thus making this model clearly statistically different and competitive with respect to general relativity.
Such a theory has been widely studied; actually, we will focus on a particular version of it, recently proposed in [30] . This model is very interesting because it naturally contains a breaking of the Vainshtein mechanism at some (to be defined) scale, which basically implies that there should be some breaking of GR at some point, and this should be detectable [31] . One possible way to test such a hypothesis has been proposed in [32, 33] in a stellar physics context. A generalized version of it has been discussed in [34] and tested with clusters of galaxies, using both gravitational lensing and X-ray observations.
Here, we will try to face a very different approach: such a model has been considered in all the above cases only as a general alternative to GR, in particular, as a good candidate for DE, but no suggestion about a possible role played in substituting DM has been given. In general, most of these alternative theories are suggested in order to explain the dynamics of the universe on cosmological scales without requiring the presence of an exotic fluid like DE. In the specific case of Galileon models, they have been studied in details as cosmological background and, as such, influencing the formation of gravitational structures. But no direct connection with a possible role in mimicking DM has been defined. Actually, even theoretically, such possibility was in some way prohibited by the same screening mechanism. But with the new model developed in [30, 34] we have a natural breaking of such mechanism so that one could naturally ask: what if the mechanism were broken at some astrophysical scale(s) and, thus, the Galileon model might play the role of DM in some way?
In order to give an answer to this question, we will approach the problem in the following way. First, we have to identify the kind of observations which might result to be helpful for our purposes. We found it in the convergence map that can be derived from the analysis of strong and weak lensing events from clusters of galaxies. Actually, clusters of galaxies are the best gravitational objects in order to combine both phenomena: they constitute massive and large enough foreground lenses able to produce detectable distortions of background sources both near the center (where the depth of the gravitational potential creates strong lensing events) and in the outer regions (where the cluster mass produces the statistical distortions of background galaxies known as weak lensing). Finally, the convergence map will result to be, basically, the two-dimensional projected mass distribution of the clusters that can be reconstructed by taking into account all these lensing events.
Clusters of galaxies are also characterised by another dynamical property: the large amount of intra-cluster gas (the largest matter component, if we do not consider dark matter) is heated up by the deep gravitational potential and emits in the X-ray band. X-ray observations of hot gas in clusters of galaxies provide us with another tool to have information about the internal mass distribution of a cluster. As it is well known, there might be internal astrophysical phenomena which can locally perturb the gas, or even larger-scale events like merging from smaller sub-structures, which can heat it up in addition to the pure gravitational attraction, leading to not properly correct mass estimations. Mass reconstruction from lensing, on the other hand, is much more accurate because it is insensitive to local dynamics, and can reproduce the true mass distribution due to pure gravitational attraction quite well.
Actually, we will not be interested directly on these aspects in this work, but more on the fact that, through X-ray observations, the gas density distribution of the cluster can be measured with very high confidence. Such gas density will be then used as input to calculate the convergence map from lensing in the context of the Galileon model we have discussed above. The important point to be stressed is that the gas will be the only contribution to the cluster mass we will consider; no additional DM will be assumed here.
The paper is organized as follows: in section (2) we describe the theoretical apparatus at the base of our analysis; in section (3) we describe what kind of data we have considered and how we implement them; in section (4) we discuss the results obtained and their implications; finally, in section (5), we summarize all our analysis.
The Extended Horndeski Model
We will not give all the details of the model introduced in [30, 34] , but we will only describe the main elements we need for our analysis; the interested reader may find more insights in the above references. While the original Galileon models are an example of Horndeski theory [35] , i.e. the most general scalar-tensor theory that gives rise to manifestly second-order field equations for both the scalar and the metric, recently it has been shown that it is possible to extend Horndeski theories in some "healthy" ways, which still have second order equation of motion (manifestly or not) [36] [37] [38] [39] . Models in [30, 34] belong to this so-called "beyond Horndeski" theories and are defined in [30] through the Lagrangian
where g is the determinant of the metric; R is the Ricci scalar; L 4 is defined as
where φ is the Galileon field; φ µ 1 ...µn ≡ ∇ µ 1 . . . ∇ µn φ and X ≡ −1/2∂ µ φ∂ µ φ is the standard kinetic term; and the reduced Planck mass is defined as M P l = (8πG) −1 , where G is the bare gravitational constant and differs from the usually measured one, G N . Assuming a metric signature (−, +, +, +), and the Newtonian Gauge, the perturbed Friedmann-Lemaître-Robertson-Walker (FLRW) metric can be written as
where c is the speed of light; a is the cosmological scale factor; and Φ and Ψ are the gravitational and the metric potentials for an extended object. Thus, the model can be fully described by the following equations [34] :
where M (r) is the mass enclosed in a radius r, primes denote derivative with respect to radius r, and Υ 1 and Υ 2 are two constants which completely characterise this model, and quantify the breaking of the Vainshtein mechanism and, thus, its departure from GR. In particular, one recognises that GR is restored in the limit of Υ 1 → 0 and Υ 2 → 0.
Data from galaxy clusters
The sample of clusters we are going to analyse has been observed by the survey program Cluster Lensing and Supernova survey with Hubble, CLASH [40] , a multi-cycle treasury program which, using 524 Hubble Space Telescope (HST) orbits, has observed (among others) 20 clusters, selected following the criterium of an approximately unperturbed and relatively symmetric X-ray morphology. For these clusters, we have both X-ray data (see [41] for more insights), from which we can extract the gas density profiles, and a lensing-based analysis, described in [42] .
In [41] , the authors analyse the mass profiles of the clusters using archival data from Chandra, which are reprocessed, re-calibrated and analysed using the procedure outlined in [41] . As we have said in the Introduction, we are interested only in the gas density profiles as can be derived from X-ray surveys: following [41] we fit such data with a β-model [43] truncated at low-radius by a power-law,
where the truncation is needed in order to match the peculiar features of the inner cores of clusters, and where ρ e,0 is the density normalization, r e,0 is the typical scale radius for the β-model, and r 0 is the scale related to the power-law truncation term added to the same β-model. This equation will be used as input in the theoretical Galileon framework to calculate the convergence map from lensing analysis: we first use the density gas data available from X-ray surveys and fit them with Eq. 3.1; then, the obtained best fit function is used in the lensing analysis as matter component to calculate gravitational potentials Eqs. 2.4 -2.5. The impact on the final results of fixing the gas parameters at this stage is absolutely negligible, as the X-ray gas density data are perfectly matched by such a model. Possibly, Eq. 3.1 might over-estimate gas density at larger distances from the center, but in our sample the truncated β-model still works very well in this range. As a proof of that, in Fig. 1 we plot some clusters from our sample, comparing observed gas density (black points) with the obtained best fit Eq. 3.1.
The most general expression for the convergence, namely, not dependent on the chosen gravity theory, is
where c is the speed of light; R is the two-dimensional projected radius; z is the line of sight direction; Φ and Ψ are the total gravitational and metric potentials; and D s , D l and D ls are, respectively, the source-observer, the lens-observer and the lens-source angular diameter distances. We have to point out here that the angular diameter distances are calculated as
where z is the redshift of the cluster and H(z, θ) is the Hubble function, which depends on the background theoretical model through the vector of parameters θ. We don't have a cosmological analysis for the model we are considering; that is why we use a standard fiducial cosmological model (only to calculate these distances) as given in [42] , i.e., a ΛCDM model Comparison of X-ray derived gas density (black points) with best fit relation Eq. 3.1 obtained using the same data.)
with the dimensionless matter density parameter today Ω m = 0.27, the dimensionless DE parameter today Ω DE = 0.73 (assuming null spatial curvature), and the Hubble constant H 0 = 70 km s −1 Mpc −1 . One could ask whether such a choice could bias or have some influence on the final result. In [44] , where a general Galileon model is analyzed, it is found that the rate expansion H(z, θ) does not really depend on Galileon parameters, but only on Ω m which, furthermore, stays basically unchanged when considering ΛCDM (in GR) or a Galileon theory, so that its value is fundamentally non influential for our purposes. Moreover, in [44] it is also shown that the Galileon Hubble function H(z) exhibits a difference 5% with respect to a ΛCDM at z 1, which is the redshift range covered by our data. Such a difference is smaller than present observational errors on most of the cosmological data we have so far, thus, statistically speaking, these two (very) different approaches are basically indistinguishable and we cannot exclude that better data would not lead to even a smaller difference between them.
We will also analyze the "classical" GR case, where a DM profile is assumed; we will consider the standard Navarro-Frenk-White (NFW) profile [45] , given by
where the only free parameters are a density (ρ s ) and a scale (r s ), and we will compare the results with the Galileon case. In order to test the model, we have to define the χ 2 function, which for the lensing data is χ
where κ obs is the vector of the observationally measured convergence, κ theo (θ) is the theoretical convergence obtained from the right hand side of Eq. (3.2) and C is the corresponding observational covariance matrix. The vector of theoretical parameters will be: {ρ s , r s } when considering the GR+NFW case, and {Υ 1 , Υ 2 } when we will consider the Galileon+gas scenario. Note that the two models have the same number of parameters. Finally, in order to establish a well-based statistical comparison, we will calculate the Bayesian Evidence 3 E for both the models using the algorithm described in [47] . Then, we will calculate the Bayesian Factor in order to assess a hierarchy of statistically favoured scenarios. This is given by the ratio between the evidences obtained from the two models, i.e., B Gal.
GR = E Gal. /E GR . If B Gal. GR > 1 than the Galileon model is favoured with respect to GR, and the other way around. Actually, to quantify how much a model is favoured with respect to another is not an easy task; we will follow the Jeffreys' Scale [48] 
Results
All our results are shown in Table 1 and in Figs. 2, 3 and 4. First, we want to point out the results from the classical GR scenario are in perfect agreement with those shown in [42] ; thus, our algorithm is performing well. Then, in Table 1 , we have divided the clusters in three groups; this division was in some way done a posteriori, in the effort to understand and interpret the results in a consistent way:
• first group: clusters with high entropy which are, thus, more relaxed. In this case the gas density should be less perturbed by astrophysical processes and match in a quite good way the gravitational potential from the cluster;
• second group: clusters with much lower entropy (thus farer from relaxation) and less than the 30 keV cm 2 threshold which could be associated to the presence of strong cooling cores;
• third group: for these clusters we have too few points covering a too small range in distance in order to obtain a reliable fit of the gas profiles.
Each group is ordered by decreasing Bayesian ratio. In the last column of Table 1 we report the range covered by the X-ray data; this is an important point because while lensing observations generally span a very extended interval, approximately from 20 kpc to 2 Mpc, the X-ray observations, instead, can be much more limited, ranging from 10 kpc to maximum 900 kpc (with differences among clusters in the sample). In particular, one should consider that the greatest perturbations to the dynamical relaxed status of the gas can come from the very inner regions; and this may have some influence on the results. This is actually what we have found out: for all clusters from the first group which, as said, are the most relaxed, we have been able to perform the fit of the gas density and use gas data from all the available ranges. This is not the case for clusters with lower values of entropy, and thus farer from the relaxed state: for clusters from group two, for example, the Galileon model fails to match lensing data if the fit for the gas density is performed over all the given range. Instead, if we cut the very inner regions (generally, distances < 50 kpc), the Galileon model matches the convergence data in a very performing way, as good as GR or even better. Clusters from group three, unfortunately, have too few points and distributed over a much limited distance range from clusters' centers, for this inner-regions-cut-procedure to be applied and to obtain some reliable result. It is not strange to expect such behavior from the Galileon and not from GR, at least in the case we are considering here, i.e. where the only contribution to the cluster mass comes from gas. In GR, we are considering a dominant component (6 − 8 times more than gas), the NFW DM profile, which is quite insensitive to internal dynamics, so that it has no problem to fit data also in the most internal regions. On the other hand, in the Galileon case we are using directly gas mass, which might be influenced by it.
If we give a much detailed look to the χ 2 and Bayesian Factor values, one can easily find out that we are able to fit the convergence maps from lensing considering only gas contribution, and with no need of dark matter at all. In most of the cases the Bayesian Factor is < |1|, which means that, even if there is no strong evidence in favour of one model than another, still the Galileon approach is as statistically valid as GR. And with one additional property whose weight cannot be properly taken into account by any statistical tool: within the Galileon model we are using only observed (baryonic) matter components plus some new scalar field (whose existence has to be checked, anyhow) which might play both the role of dark matter at clusters' scales, and of dark energy at cosmological ones, while in GR we have to assume, at least, the presence of two different dark components in order to explain observations. Furthermore, one can see how there are some clusters with a Bayesian Factor larger than one, which means that there is a substantial evidence in favour of the Galileon model with respect to GR. From Figs. (2), (3) and (4) one can see where the Galileon behaves better than GR: it fits better low-medium distances ≈ 100 − 200 kpc (it seems to better follow the decreasing trend of the convergence), and also very large distances > 1 Mpc. Anyway, the latter have less statistical weight because of the larger errors; the main improvement comes from the low-medium distance range.
If we now center on the values for the Galileon parameters Υ 1 and Υ 2 , we first have to note down that while in theory the parameters Υ 1 and Υ 2 should be the same for every cluster, actually, we expect some differences, due to the fact that we are comparing clusters at different evolutionary stages, which might translate in internal intrinsic dynamical differences affecting the mass densities and, thus, the measured values of these parameters. Then, we can verify the the values we find out are completely different from those in [34] . Anyway, this is quite expected, as we have not used the stacked-profile approach which, in our opinion, is not the most suitable choice for the analysis of such kind of models which are characterized by new terms (like those in Eqs. (2.4) and (2.5)) which may depend in a stronger way than GR from possible intrinsic and peculiar properties, different for each cluster. Moreover, it should be noted that while the values from [34] are still consistent with GR, namely, they are consistent with zero, in our case, instead, the GR limit is not strictly properly defined. Even if we had Υ 1 → 0 and Υ 2 → 0, we would have an "incomplete" GR unable to fit data, because lacking the main ingredient which makes it successful, DM. When discussing our results, there is another important caveat to bring in mind: when the galileon is compared with GR, the scale of the screening mechanism (or of its breaking) could be found out easily by checking where the new additional terms depending on Υ 1 and Υ 2 become important with respect to the "classical" Newtonian ones. But this would have sense only when comparing "GR+dark matter+baryons" with "galileon+dark matter+baryon". Here, we are exploring a completely different possibility, where the correction terms can play the role of dark matter over the entire astrophysical scale range we have been considering. Actually, the Υ 1 and Υ 2 terms in the potentials are important at all scales, otherwise they would not be able to replace dark matter wherever inside the cluster. As a further proof for such qualitative consideration, we have produced Fig. 5 . There, we compare the classical Newtonian term (e.g., as if both Υ 1 and Υ 2 were zero) which appear in both Eq. 2.4 and Eq. 2.5, assuming only-gas mass profile (solid black line) with the characteristic Galileon terms, due to the breaking of the Vainshtein screening mechanism, i.e. the terms proportional to Υ 1 and Υ 2 in, respectively, Eq. 2.4 (solid red line) and Eq. 2.5 (dashed red line). It is clear that the Galileon terms are always (i.e. over the full range covered by data) dominant with respect to the classical term.
Thus, there would be a natural concern about whether such results are in contrast with Solar System constraints. In a naive way, Fig. 5 is comparing the classical Newtonian force exerted by only-visible matter with the fifth force generated by the Galileon field. In a classical Galileon theory, one would expect a scale separating the range where this ratio is > 1 from that one where it is << 1, where the screening is effective; such scale should be cosmological. In Beyond-Horndeski theories with a breaking of the screening, one would still expect such scale, but now at smaller (maybe) astrophysical scales, so that, in principle, one could have observational signatures. In our case, instead, we apparently have no such scale, thus meaning that, in principle, the screening is broken all over the scale we are testing. While this result is somewhat expected, because we want to mimic dark matter with such a new mechanism, and dark matter extends all over the full extent of clusters of galaxies, on the other hand we have to find a way to reconcile it with local gravity experiments, which poses strong constraints on possible deviation from Newtonian force.
What we have found is that it is in principle possible to explain dark matter as a result of Vainshtein and GR breaking on scales as large as those tested (100 kpc −2 Mpc). On smaller scales, in order to preserve GR, we need to fill the gap, i.e. to analyze smaller structures and find, lately, a gravitational structure which does not require Υ large but, eventually ∼ 0.1 (this value is, for example, in [30, 32, 34] , where the Galileon is considered -only -as a cosmological scale fluid) or less to be explained. Finally, we are just saying that the breaking scale might not be at cosmological scales (with Galileon playing the role of dark energy only), but at smaller ones too, albeit, much larger than Solar System.
We have also to point out that we are not using central galaxies contribution to the mass profiles of our clusters, and galaxies might play an important role in describing the cluster potentials in the very inner regions. Their can potentially lower the values of the constants Υ 1 and Υ 2 and, thus, reduce the contributions from the Galileon in such regions. Moreover, they will surely change the trend of the fifth force toward those inner regions, possibly making the fifth force drop even faster than present results.
Given this difference, it is interesting to note from Table 1 and from Fig. (6) that Υ 2 is not consistent with zero, at least at 2σ confidence level, for all the clusters in our sample. The other parameter Υ 1 spans a much wider range of possible values. We can also note how the relative errors on these parameters are much smaller than those reported in [34] . Finally, if some cluster-features dependence is on-going, no clear trend is arguable with present data.
Discussion and Conclusions
In this work we have tried to answer the question: is it possible to explain clusters of galaxies lensing observations without resorting to DM? This is clearly impossible in the classical context of GR where, actually, DM is vital and needed in order to explain observations. But it might be possible in some alternative models of gravity. Most of those have been introduced to explain large scale effects of DE; then, they need some screening mechanism to turn off the new forces/degrees of freedom at such scales where GR should be recovered. The same screening mechanisms are the main obstacle to elect many alternative models as DM sources too, because the suppression of the new degrees of freedom generally happens at astrophysical scales. A safety alternative come from models like that described in [30, 34] , a modified Galileon-type model where the screening mechanism can be broken; in such a case, distinctive signatures of the new theory should be observable. And, we add, they might play the role of DM.
We have used the above model and applied it to a sample of 18 clusters of galaxies observed by the spatial survey CLASH. We have joined two different observational probes: mass reconstruction from lensing events (both strong and weak lensing); and X-ray observations of the hot intra-cluster gas. We have used the latter to derive the gas mass profile of such clusters; and we have used this information trying to reproduce the former observations. The key requirement in our analysis is that the mass of the clusters is made only by gas, no DM is considered at all. Anyway, one should not forget that baryonic matter in clusters is also made of galaxies. Unfortunately, we have no data available for the sample we considered in this sense. Including galaxies, of course, might affect our results: in particular, galaxies could play a larger role in inner regions, with a consequent "re-normalization" of the mass profile, and possible influence on the theoretical parameters.
Results show that when the screening mechanism is broken, then the Galileon model can be used to match DE at large cosmological scales, and DM at smaller ones. In particular, it results that the Galileon model is even more statistically favourable than the GR to match lensing observations. Far from us to state that this ends the DM question, or that such model is "the" model which can win GR. But we think this analysis is useful to state that much more attention should be paid to GR alternative and competing models [49] , because they can be as much successful as GR. And it could help theoreticians to understand what is the right path to follow in order to build/discover the true underlying gravity theory behind our universe. . Confidence contours for the Galileon parameters Υ 1 and Υ 2 from all clusters in the sample (except last four in Table 1 ).)
